Ab initio calculations of bromo-containing molecules on the RHF, B3LYP and MP2 levels and 6−31G(d), 6−31+G(d), 6−311G(d) and 6311+G(d) basis sets were executed. They were used to estimate the 79 Br NQR frequencies of these molecules. A satisfactory agreement between experimental and estimated NQR frequencies is obtained for the sum of populations of 13p-and 14p-components of the Br atom valence p-orbitals obtained from the RHF, B3LYP and MP2 calculations (particularly from RHF calculations) with the split valence basis sets 6−311G(d) and 6−311+G(d). The agreement between the experimental and estimated NQR frequencies is worse for the populations of the 9p-components of the Br atom valence p-orbitals obtained from these calculations with the basis sets 6−31G(d) and 6−31+G(d). An analogous conformity was not obtained using the populations of other components of the Br atom valence p-orbitals or their total populations obtained from all above-mentioned calculations.
Introduction
Since the electric field gradient (EFG) at the nucleus of the indicator atom depends strongly on the distance between it and the charges which create this EFG (see, e. g., [1, 2] ), we suppose that the NQR parameters which depend on this EFG are formed not by all the indicator atom valence p-shell, but by its less diffuse part (see, e. g., [3 -5] ). Therefore the numerous attempts to estimate the 35 Cl NQR frequencies (ν) and the asymmetry parameters (η) of the EFG at the 35 Cl nucleus for chloro-containing organic compounds using the populations of the Cl atom valence p-orbitals did not result in satisfactory accordance with experimental NQR parameters (see, e. g., [4] ). At the same time such accordance is observed on using the populations of less diffuse 3p-components of the Cl atom valence p-orbitals obtained from ab initio calculations of organic and organometallic molecules at the RHF/6-31G(d) level (see, e. g., [3 -5] ). Recently it was shown [6] that agreement between experimental 35 Cl NQR frequencies and estimated ones, using the populations of less diffuse 3p-components of the Cl atom valence p-orbitals in chloro-containing organic molecules, is obtained as well from the calcu-0932-0784 / 03 / 0700-0475 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com lations of these populations using the 6-31G(d) and 6-31G+(d) basis sets and other quantum-chemical methods: Becke's three-parameter hybrid method, where the non-local correlation is provided by Lee, Yang and Parr's gradient-corrected correlation functional (B3LYP) and the Hartree-Fock method, followed by a Meller-Plesset correlation energy correction, truncated at second order (MP2). The use of populations of other components of the Cl atom valence p-orbitals in these basis sets, or any components in the 6-311G(d) and 6-311G+(d) basis sets, do not bring agreement between experimental and estimated 35 Cl NQR frequencies [6] . Thus, only the populations of the less diffuse parts of the Cl atom valence p-orbitals, which correspond to 3p-components of these orbitals in the 6-31G(d) and 6-31G+(d) basis sets, adequately describe the Cl atom electron distribution in organic and organometallic molecules which determines the 35 Cl NQR parameters.
The agreement between experimental NQR parameters and estimated ones from ab initio calculations allows a thorough analysis of experimental NQR data, using the results of these calculations at the RHF/6-31G(d) and RHF/6-31G+(d) levels, and on the other hand allows to check the correctness of quantum-chemical calculations of electron distributions in molecules using experimental NQR data (see, e. g., [4, 6 -8] ). The combined use of both methods allows to obtain more accurate information on peculiarities and mechanism of mutual atomic influence in organic and organometallic molecules. At present a great number of chloro-containing organic and organometallic compounds is studied using these two methods jointly (see, e. g., [4] ). For the expansion of the possibilities of such a combined method for the study of organic and organometallic molecules, the conformity between experimental and estimated 79 Br NQR frequencies of some bromo-containing molecules was tested in this work.
Results and Discussion
We have performed ab initio calculations of some bromo-containing molecules at the RHF, B3LYP and MP2 levels and 6-31G(d), 6-31G+(d), 6-311G(d) and 6-311G+(d) split valence basis sets using the GAUS-SIAN 94W Program [9] . These calculations were executed with total optimization of the molecular geometry. For the calculations molecules were selected as to their sizes, the presence of experimental 79 Br NQR spectra and the NQR frequency range of them. The experimental 79 Br NQR frequencies presented in [10] were used. In the calculations the origin of the coordinates was chosen to be the Br nucleus and the Z axis was in the Br−C (Br−B) bond direction. For the estimation of the 79 Br NQR frequencies of the molecules studied the total populations of the Br atom valence porbitals and their components as well the equation
for the atoms with nuclear spin I = 3 /2 [1] were used. The e 2 Qq at /2h values (Table 1) in this equation were obtained from Br 2 molecule calculations using the corresponding method, basis set and experimental 79 Br NQR frequency for this compound at 77 K (382.520 MHz [10] ).
In Tables 2 -4 the 79 Br NQR frequencies of the molecules, calculated using the RHF (Table 2) , B3LYP (Table 3 ) and MP2 (Table 4 ) methods and all above mentioned split valence basis sets are presented. In these Tables the NQR frequencies, estimated using the total populations of the Br atom valence p-orbitals and populations of their less diffuse 9p-components in the 6-31G(d) and 6-31+G(d) basis sets, and those estimated using the total populations and sum of popu- 79 Br NQR frequencies as compared to experimental ones, and the use of total populations in too high values. Evidently, 9p-components have insufficient sizes and do not fully reflect the Br atom electron distribution which determines the experimental 79 Br NQR parameters. However they describe this electron distribution to a significantly greater degree than the total populations. The use of the sum of populations of the 13p-and 14p-components of the Br atom valence p-orbitals, obtained from the calculations of corresponding molecules at the RHF/6-311G(d) and RHF/6-311+G(d) levels, results in satisfactory conformity with the experimental 79 Br NQR frequencies. The estimated NQR frequencies are evidently only higher for the BBr 3 and BrCN molecules ( Table 2 ). The satisfactory agreement between the estimated and experimental 79 Br NQR frequencies indicates that the sum of the populations of the 13p-and 14p-components of the Br atom valence p-orbitals describes adequately the electron distribution of these atoms in bromocontaining molecules which determines the experimental 79 Br NQR data. The 79 Br NQR frequencies estimated using the total populations of the Br atom valence p-orbitals obtained from ab initio calculations at the RHF/6-311G(d) and RHF/6-311+G(d) levels are always considerably higher than the experimental ones ( Table 2) . Table 2 . Experimental 79 Br NQR frequencies in MHz at 77 K (ν e ) [10] and those estimated using the total populations of the Br atom valence p-orbitals (ν(Σp)), the populations of their 9p-components (in the 6-31G(d) and 6-31+G(d) basis sets) and the sum of 13p-and 14p-components (in the 6-311G(d) and 6-311+G(d) basis sets). The calculations are executed by the RHF method. Table 3 . Experimental 79 Br NQR frequencies in MHz at 77 K (ν e ) [10] and those estimated using the total populations of the Br atom valence p-orbitals (ν(Σp)), the populations of their 9p-components (in the 6-31G(d) and 6-31+G(d) basis sets) and the sum of 13p-and 14p-components (in the 6-311G(d) and 6-311+G(d )basis sets). The calculations are executed by the B3LYP method. The estimation of population of the Br atom valence p-orbitals and their components in the split valence basis sets 6-31G(d), 6-31G+(d), 6-311G(d) and 6-311G+(d), using the more precise quantum-chemical methods in which the electron correlation is taken into account (B3LYP and MP2), do not change much the results of estimating the 79 Br NQR frequencies. And what is more, the use of these methods for the estimation of populations of 9p-componets or sum of 13p-and 14p-componets of the Br atom valence porbitals in corresponding basis sets do not improve much the agreement between the experimental and estimated NQR frequencies (Table 3, 4) . On using the populations of other components of the Br atom valence p-orbitals (or their combinations) in all above mentioned methods and basis sets, the agreement between the calculated and experimental 79 Br NQR frequencies is bad, as it is in the case of the total populations (Tables 2 -4) .
The linear correlations
between the experimental 79 Br NQR frequencies for bromo-containing compounds and estimated ones using the populations of 9p-components of the Br atom valence p-orbitals in the 6-31G(d) and 6-31G+(d) basis sets, or using the sum of populations of 13p-and 14p-components in the 6-311G(d) and 6-311G+(d) basis sets, are observed. The parameters of the correlation equations (2) are presented in Table 1 . The free term is nearer to "0" and coefficient A is nearer to "1" in this equation the agreement between estimated and experimental NQR frequencies is better. According to these criterions the best agreement between them is observed at the estimation of NQR frequencies using the sum of populations of 13p-and 14p-components of the Br atom valence p-orbitals obtained from ab initio calculations of molecules at the RHF/6-311G(d) and, particularly, at the RHF/6-311+G(d) level (Table 1) . At the same time the best correlation coefficient (r) is observed at the NQR frequency estimation using the populations of 9p-components of the Br atom valence p-orbitals obtained from calculations at the RHF/6-31+G(d) level. However the correlation coefficient do not show the extent of agreement between the correlated values.
Thus, the best agreement between estimated and experimental 79 Br NQR frequencies is observed when estimating the NQR frequencies using the sum of populations of 13p-and 14p-components of the Br atom valence p-orbitals obtained from ab initio calculations at the RHF/6-311G(d) and RHF/6-311+G(d) levels. The partial taking into account of electron correlation in the B3LYP method or more full taking into account of it in the MP2 method does not improve this agreement. The estimation of the 79 Br NQR frequencies, using the populations of 9p-components of the Br atom valence p-orbitals obtained from ab initio calculations of molecules by the RHF, B3LYP and MP2 methods and 6-31G(d) and 6-31G+(d) basis sets, brings considerably worse conformity with experimental data, and estimation of these using the populations of other components of the Br atom valence p-orbitals or their total populations obtained from any of these methods and any of the four above mentioned basis sets, results in values which considerably differ from experimental ones. It is quite natural, that use of the 79 Br NQR spectra and ab initio calculations for the study of peculiarities and mechanisms of atomic interactions in molecules, only such results of quantum chemistry one may use which satisfactory describe that part of the Br atom electron distribution which determines the 79 Br NQR parameters. The agreement between experimental and estimated 79 Br NQR frequencies supports the conclusion [3 -5] that the NQR parameters are not determined by the full indicator atom valence p-shell, but by its less diffuse part.
